Hdac3 is a key target for Hdac inhibitors that are efficacious in cutaneous T cell lymphoma. Moreover, the regulation of chromatin structure is critical as thymocytes transition from an immature cell with open chromatin to a mature T cell with tightly condensed chromatin. To define the phenotypes controlled by Hdac3 during T cell development, we conditionally deleted Hdac3 using the Lck-Cre transgene. This strategy inactivated Hdac3 in the double-negative stages of thymocyte development and caused a significant impairment at the CD8 immature single-positive (ISP) stage and the CD4/CD8 double-positive stage, with few mature CD4
H
istone deacetylases (HDACs) are a heterogeneous group of 18 mammalian enzymes that remove acyl groups from the side chain of lysine (1) . The class I enzymes (HDAC1, -2, -3, and -8) are homologous to the Saccharomyces cerevisiae yeast Rpd3 and target multiple lysine residues in the N-terminal tails of histone H3 and H4 as well as deacetylate nonhistone targets. These enzymes act in concert with a corepressor (mSin3A or mSin3B for HDAC1 and HDAC2, NCOR1 or NCOR2 for HDAC3) that stimulates their activity (2) (3) (4) (5) . Inositol phosphates are key cofactors of HDACs 1 to 3 that bridge the deacetylase and the corepressor to allow regulation by inositol phosphate signaling and sensing of the metabolic state of the cell (6, 7) . Several of the class II HDACs are poor deacetylases on histone substrates, but HDAC4, HDAC5, and HDAC7 can recruit HDAC3 to deacetylate targets (8) (9) (10) . The class III enzymes are sirtuins 1 to 7 and are homologues of the yeast Sir2. These are NAD ϩ -dependent enzymes that sense changes in NAD levels to respond to changes in cellular metabolism (11) (12) (13) . HDAC11 is the only member of the 4th class of deacetylase and modulates immunity (14, 15) .
These enzymes have been the target of wide-ranging searches for small molecules that can rewrite the epigenetic code for use in numerous diseases, including neurological diseases, inflammatory disorders, and cancer (1) . Broad-spectrum HDAC inhibitors (vorinostat and rhomidepsin) have gained FDA approval for their effectiveness against cutaneous T cell lymphoma (16) . These small molecules inhibit multiple class 1 and/or class 2 HDACs but have serious side effects, which has stimulated the development of more selective inhibitors (17) . A key to the development of better drugs is the identification of the HDAC(s) that mediates the action of the approved compounds as well as the HDAC(s) responsible for the side effects.
Genetic approaches are being applied to dissect the physiological roles of individual HDACs in tissues that are affected by these drugs and are changing the way that we view individual HDACs. For example, while Hdac1 and Hdac2 can heterodimerize and substitute for one another, deletion of Hdac1 was embryonic lethal at embryonic day 9.5, whereas Hdac2 Ϫ/Ϫ mice showed cardiac defects shortly after birth (18) (19) (20) . Heart-specific double deletion of Hdac1/2 caused more dramatic cardiac phenotypes, including arrhythmia and severe ventricular dilation (18) . Hematopoiesis is another key target tissue, as HDAC inhibitors not only act in T cell lymphoma but also show promise in myeloid leukemia and B cell lymphoma. While germ line deletion of Hdac3 caused early embryonic lethality (21, 22) , hematopoietic stem cell deletion of Hdac3 caused a dramatic loss of B cells and T cells and defects in stem cell self-renewal. The stem cell defect appeared to be due to defects in DNA replication, while the loss of lymphopoiesis was traced to a loss of the lymphoid-primed multipotent progenitor cells (LMPPs) (23) . In contrast, double deletion of Hdac1 and Hdac2 in hematopoietic stem cells caused megakaryocyte apoptosis and thrombocytopenia, which are also observed in patients treated with HDAC inhibitors (19, 20, 24) . Developing T cells are an ideal model system in which to dissect the roles of individual HDACs in normal physiology. Stepwise removal of the 4 alleles of Hdac1 and Hdac2 in thymocytes yielded a gradient of Hdac activity, and removal of all four alleles caused a block in early thymic development at double-negative stage 3 (DN3) (25, 26) . However, as the amount of Hdac1/2 activity decreased, the mice developed T cell lymphomas, with a particularly high incidence being noted in Hdac1
ϩ/Ϫ mice. In contrast, the double-knockout mice did not develop tumors, indicating that a low level of Hdac1/2 activity is required for tumorigenesis. In addition, the tumors that developed in Hdac1 Ϫ/Ϫ /Hdac2 ϩ/Ϫ mice re-mained sensitive to Hdac inhibitors, providing a genetic rationale for the use of these compounds in a synthetic lethal strategy (25, 26) . Here, we have examined the physiological roles of Hdac3 by deletion of this gene during early thymocyte development using Lck-Cre. Analysis of the developmental markers CD4 and CD8 showed impaired maturation of double-negative cells, an increase in immature single-positive (ISP) CD8 ϩ cells, and impaired maturation of double-positive (DP) cells, causing a dramatic decrease in single-positive (SP) CD4 ϩ and CD8 ϩ cells. Gene expression analysis pinpointed T cell receptor (TCR) signaling to be a possible mechanism and transgenic mouse expression of a combined TCR␣␤ transgene to provide a high level of complementation of thymocyte development.
MATERIALS AND METHODS
Mouse strains. Mice were maintained following Vanderbilt University Medical Center guidelines and in accordance with an Institutional Animal Care and Use Committee-approved protocol. All mice analyzed were between 3 and 6 weeks of age unless otherwise noted. All experimental strains were in a C57BL/6 mouse genetic background. ROSA26-Lox-StopLox-GFP, p56 lck proximal promoter Cre (Lck-Cre), OT-II, TCR␤, Bcl2, and Bcl-xL mice were obtained from The Jackson Laboratory, while conditional Hdac3-knockout mice were generated in the lab of S. W. Hiebert (21) .
Flow cytometry. Single-cell suspensions were formed from thymus tissue that had been passed through a 70-m-pore-size filter with ice-cold phosphate-buffered saline (PBS). Red blood cells were subsequently lysed with erythrocyte lysis buffer (buffer EL; Qiagen). Cells were then stained with fluorescence-labeled antibodies for 30 min in PBS containing 0.5% fetal bovine serum (FBS) at 4°C. All thymocytes were first gated through green fluorescent protein (GFP) to select for cells expressing Cre and then evaluated using lineage markers, as indicated below. Fluorochrome-conjugated antibodies to the following were used: from eBioscience, antibodies to CD4 (RM4-5 antibody), CD8 (53-6.7 antibody), CD44 (IM7 antibody), CD25 (PC61.5 antibody), TCR␤ (H57-597 antibody), CD147 (RL73 antibody), CD5 (53-7.3 antibody), and CD69 (H1.2F3 antibody), and from BD Biosciences, antibody to CD3 (145-2C11 antibody). Analysis was performed with a 3-laser BD LSRII or BD Fortessa flow cytometer. The acquired data were analyzed using FlowJo software (TreeStar).
Microarray and real-time quantitative PCR. Thymocyte single-cell suspensions were sorted with a BD FACSAria cell sorter, with the first gating being on GFP-positive cells and then anti-CD4 and anti-CD8 markers being used to identify double-positive cells. Total RNA was purified from the sorted thymocytes with a PerfectPure RNA extraction kit (5 Prime, Inc., Gaithersburg, MD). RNA was pooled from 2 wild-type (WT) and 2 Hdac3 Ϫ/Ϫ animals for a total of 3 biological replicates from 6 mice each. RNA was prepared and hybridized to an Affymetrix GeneChip mouse gene 1.0 ST array for analysis in the Vanderbilt Functional Genomics Shared Resource. Data were analyzed using GeneSpring (Agilent Technologies) and Panther classification system software. Gene ontology analyses of the microarray data were performed using the web-based tool kit WebGeStalt. P values were calculated using a hypergeometric test (raw P values) and adjusted by multiple testing (adjusted P values). Enriched categories identified using different databases are presented in the figures. Quantitative reverse transcription-PCR (qRT-PCR) was performed using Sybr green and real-time PCR.
Western blot analysis. Where noted, thymocytes were sorted by GFP status prior to lysis in radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors. Cleared lysates were resolved by SDS-PAGE. Specific proteins were detected with the antibodies to the following: from Cell Signaling Technology, phosphorylated extracellular signalregulated kinases (ERKs) 1 and 2 with a Thr residue at position 202 and Tyr residue at position 204, extracellular signal-regulated kinases 1 and 2, histone H3, and histone H4; from Abcam, Hdac3, histone H3 with a trimethylated lysine 9 (H3K9me3), histone 4 with an acetylated lysine 12 (H4K12ac), H4K5ac, and tubulin; and from Upstate Biotechnology, H3K9ac and H4K16ac.
T cell activation assay. Thymocytes were isolated from WT and Hdac3 Ϫ/Ϫ mice, resuspended in 5 ml PBS containing 0.5% fetal bovine serum, and rested on ice for 1 h. The cells were then filtered through a 70-m-pore-size cell strainer and resuspended in ice-cold PBS at a density of 5 ϫ 10 6 cells per ml. Cells were stimulated with anti-mouse CD3 antibody (10 g/ml) that had been pre-cross-linked with goat anti-hamster immunoglobulin antibody (10 g/ml) for 2, 5, 20, and 45 min at 37°C. Untreated cells served as controls. Cells were collected by centrifugation, and whole-cell lysates were made using RIPA buffer containing protease and phosphatase inhibitors prior to Western blotting.
RNA-Seq analysis. Single-cell thymocyte suspensions were sorted for DP stage 1 (DP1; GFP positive [
) populations. Total RNA was extracted with the TRIzol reagent (Ambion) and provided to the Vanderbilt Vantage Core Shared Resource for library construction and sequencing. Briefly, samples were depleted of rRNA using a RiboGone mammalian rRNA removal kit (Clontech). Libraries were created with a SMARTer stranded mRNA deep-sequencing (RNASeq) kit (Clontech) and sequenced with an Illumina HiSeq 2500 sequencer on an SR-50 apparatus run using a Rapid (v2) kit (Illumina) and aiming for 28 million reads per sample. Preprocessed reads were aligned to the mouse transcriptome (version mm10; downloaded from the UCSC Genome Browser) using the TopHat program, and differential gene expression was determined using the Cuffdiff program as previously described (27) .
Accession number. The gene expression data for these studies can be found under GEO accession number GSE72917.
RESULTS

Hdac3 is essential for efficient development of functional T cells.
To examine the role of Hdac3 in T cell development, we crossed our Hdac3 floxed mice with Lck-Cre transgenic mice. The Lck promoter is expressed during the double-negative stages of T cell development, such that Hdac3 is inactivated relatively early in thymocyte development. We additionally crossed our mice with ROSA26-Lox-Stop-Lox-GFP transgenic mice to assess the Cre-mediated recombination efficiency in our model (28) , such that green fluorescent protein-positive (GFP ϩ ) cells expressed Cre and thus simultaneously had an Hdac3 deletion. This approach allowed us the additional control of assessing GFP-negative (GFP Ϫ ) cells and GFP ϩ cells with the Hdac3 deletion in the same mouse. Hdac3 inactivation was variable, as detected using fluorescenceactivated cell sorting (FACS) for GFP status (Fig. 1A) , and the levels of GFP closely correlated with the level of Hdac3 inactivation, as determined by Western blot analysis (Fig. 1B) . Sorted GFP ϩ cells showed that the loss of Hdac3 resulted in global changes in the levels of histone acetylation by Western blot analysis, including increased levels of H4K5, H4K12, and H4K16 acetylation (Fig. 1C) . Assessment of Lck-Hdac3 Ϫ/Ϫ mice with 85% or more GFP ϩ thymocytes showed normal numbers of thymocytes ( Fig. 1D and E) and a normal thymus architecture (data not shown).
Next, we used flow cytometry with anti-CD4 and anti-CD8 to assess thymocyte development into the two major classes of T cells. Hdac3-null thymocytes appeared to accumulate at the CD4/ CD8 double-positive stage, with decreased progression to singlepositive CD4
ϩ and CD8 ϩ cells. (Fig. 1E and F) , which is consistent with the effects observed on inducible NK T cells after CD4 Ϫ Cre-mediated deletion of Hdac3 (29) . While there were fewer Hdac3 Ϫ/Ϫ T cells in the spleen, the architecture of the spleen in Lck-Hdac3 Ϫ/Ϫ mice was relatively normal (data not shown), which was likely due to the preponderance of cells that escaped Cre-mediated Hdac3 deletion and were wild type, indicating that Hdac3 is required for efficient T cell development.
Lck-Cre-dependent cleavage is typically thought to occur in CD4/CD8 double-negative stage 2 (DN2; CD25 ϩ /CD44 ϩ ) to double-negative stage 4 (DN4; CD25 Ϫ /CD44 Ϫ ), and small numbers of GFP ϩ cells were first detected in DN2, but they continued to accumulate through DN3 (CD25 Ϫ /CD44 ϩ ) and into DN4 (data not shown) (30, 31) . When we gated on GFP ϩ cells, we noted 50% more CD25
ϩ cells compared to the number in the controls ( Fig. 2A) . TCR␤ expression commences from DN3 (31) (32) (33) (34) , and when the DN3 and DN4 populations of GFP ϩ cells were permeabilized prior to further stratification using intracellular expression of TCR␤, roughly a third of the Hdac3 Ϫ/Ϫ DN4 cells lacked expression of TCR␤ (Fig. 2B) , suggesting a defect in the transition from DN4 to the double-positive stage.
The accumulation of CD8 single-positive cells in the thymus (Fig. 1E and F ) but a lack of CD8 single-positive cells in the spleen (Fig. 1E and F) suggested that the CD8 ϩ thymocytes were immature cells that were inefficiently moving toward the double-positive stages. Therefore, we used cell surface expression of CD147 and CD3 to enumerate immature CD8 ϩ cells. In Hdac3 Ϫ/Ϫ mice, there was a 2-to 4-fold increase CD8 ϩ CD147 ϩ CD3 Ϫ immature single-positive (ISP) thymocytes ( 
CD4
ϩ CD8 ϩ thymocytes to further probe how the loss of Hdac3 might affect development. Microarray analysis showed augmented expression of genes involved in T cell differentiation, but many of these genes were turned off rather than induced by the loss of Hdac3. Indeed, the number of genes showing a loss of expression outnumbered the number of genes showing an induction of expression by nearly 2 to 1. A group of critical regulatory genes normally induced upon positive selection (Id2, Id3, Myc, Egr1, and Egr2) (35) , as well as genes required for T cell functions (e.g., Gfi1) and cell cycle progression, was downregulated in Hdac3-null DP cells (Fig. 3A) . The downregulation of Myc, a target of TCR signaling that controls metabolism, and many genes that contribute to cell cycle control, such as E2F5 and cyclin D2 (Fig. 3B) , suggested that these cells were less robust than control cells. There was also the deregulation of several key transcriptional regulators, including Id2 and Id3, as noted above (which would allow unfettered E-protein functions), Gfi1, Lmo4, and the Ikaros family member Helios (Ikzf2), all of which could disrupt T cell development (36) .
Additionally, there was a decrease in the levels of expression of genes normally upregulated in the CD4 lineage. Perhaps most importantly for cells in the early DP stages of T cell development, when positive selection is set to begin or is taking place, there were numerous signaling genes affected by the loss of Hdac3 (Fig. 3A  and B) . Interleukin-7 (IL-7) is a key cytokine for lymphoid proliferation (37, 38) , and the level of expression of the gene for its receptor (IL7ra) was 2.3-fold lower in the Hdac3-deficient thymocytes (Fig. 3A) . Likewise, the level of expression of Jak2 was 1.5-fold lower and that of CD44 was 1.6-fold lower in the absence of Hdac3 (Fig. 3A) . Conversely, the dual-specificity phosphatase Dusp5, as well as Vav3 and Il2ra (CD25), was upregulated (Fig.  3A) . Dusp5 is a negative regulator of ERK signaling that was recently found to be suppressed by class 1 HDACs in muscle cells (39) . The level of Dusp5 mRNA was roughly 2-to 3-fold higher in Hdac3 Ϫ/Ϫ thymocytes in both microarray and qRT-PCR analyses, but Dusp5 protein levels were only modestly affected (data not shown).
Hdac3 is required for efficient positive selection. The amount of CD25 was higher in the double-negative stage 3 (DN3) population (Fig. 2) , and the amount of CD25 was higher at the mRNA level in double-positive cells (Fig. 3A) . Therefore, we used flow cytometry to further scrutinize the CD4/CD8 double-positive thymocytes in Hdac3 Ϫ/Ϫ mice. As predicted by the mRNA expression analysis, Hdac3 Ϫ/Ϫ double-positive cells expressed higher levels of CD25 on the cell surface (Fig. 4A) . While we noted a significant population of CD4/CD8 double-negative cells lacking the intracellular expression of TCR␤ (Fig. 2) , the majority of DP cells expressed somewhat more TCR␤ on the cell surface, although there was a reduction in the small number of cells expressing the highest levels of TCR␤ (Fig. 4A) . Likewise, CD3 was expressed at significantly higher levels in the Hdac3-deficient thymocytes (Fig. 4A) , but there was a reduction in the number of CD3 hi thymocytes (Fig.  4A) (40, 41) .
Given the lack of the CD3 hi and TCR␤ hi populations, we used cell surface expression of CD5 and CD69 versus that of TCR␤ to examine the maturation of double-positive cells. In Hdac3 (Fig. 4B) . Further, in addition to a reduction in DP1 cell numbers, the median level of CD5 expression was Ϫ/Ϫ mice. Student's t test was used to evaluate each pair, and the differences in CD4 ϩ and CD8 ϩ cells from the spleen were significant (P Ͻ 0.05), whereas only the difference for CD4 ϩ cells from the thymus were statistically significant at this level. KO 
, knockout. (F) FACS analysis of T cells containing CD4 and CD8 versus GFP from the thymus (Thy) and spleen (Spl) showing that Hdac3
Ϫ/Ϫ thymocytes do not persist in the spleen. Plots are representative of those from analyses of at least 5 mice.
noticeably higher in the Hdac3
Ϫ/Ϫ DP1 population. At the same time, there was a drop in the number of CD5 hi TCR␤ Hi (DP3) cells in the Hdac3 Ϫ/Ϫ mice, suggesting that these cells were impaired in their development to DP3 and on to the single-positive stages. Likewise, CD69 is a marker of TCR signaling in cells undergoing positive selection that is subsequently suppressed as thymocytes mature (42) , to allow emigration from the thymus (reviewed in reference 43). Hdac3 Ϫ/Ϫ double-positive cells expressing high levels of TCR␤ failed to coexpress CD69 (Fig. 4B, right, arrow) , and the cells completing positive selection that were TCR␤ hi CD69 hi failed to accumulate in the absence of Hdac3 (Fig. 4B) , suggesting that Hdac3 contributes to positive selection. Inactivation of Hdac3 alters the gene expression program in thymocytes undergoing positive selection. Given the defects that we observed in DP1 and DP2 of thymocyte development, we further subdivided the CD4/CD8 double-positive populations analyzed earlier (Fig. 3) to define how inactivation of Hdac3 affects gene expression. The DP1 and DP2 populations were isolated from wild-type and Hdac3 Ϫ/Ϫ mice and mRNA deep-sequencing (RNA-Seq) analysis was performed. During the transition of wildtype DP1 cells to DP2, just over 600 genes were induced, while nearly 3 times this number were downregulated (35) (Fig. 5A) . Central among the induced genes were the gene for the IL-7 receptor (nearly 40-fold increase), which promotes survival (44); the genes for CD69 (14-fold) and CD53 (40-fold); as well as Bcl2 (6-fold), which also impairs apoptosis to promote survival (45) . Further, there was an induction of a transcriptional program that includes key regulators of T cell development, such as the E-pro- tein inhibitor of differentiation (Id2, 6-fold), Helios (Ikzf2, 4.7-fold), the NFB component RelB (4-fold), the Ets family member Etv5 (4-fold), and the homeodomain protein Hhex (3.7-fold). Conversely, the cell cycle machinery was suppressed in DP2 cells, as the levels of expression of cyclin E (Ϫ5.7-fold), cyclin A2 (Ϫ3.5-fold), cyclin B2 (Ϫ4.6-fold), Cdk1 (Ϫ3.8-fold), E2F1 (Ϫ3.5-fold), E2F2 (Ϫ4.6-fold), E2F8 (Ϫ4.7-fold), and Myc (Ϫ2-fold) were all decreased. While the level of expression of Rorc (ROR␥t), a key contributor to positive selection (46) , decreased, as expected, during this transition (35) , the drop was relatively small (Ϫ1.7-fold). Conversely, Nur77 (Nr4a1) was induced (7.9-fold) and its related family member Nor1 (Nr4a3) was dramatically induced (35-fold). Induction of these genes is consistent with these nuclear hormone receptor family members being robustly activated by TCR signaling in DN2 cells in preparation for negative selection (47) .
When the DP1 cells lacking Hdac3 were compared to wild-type DP1 cells, over 1,000 genes were significantly induced, with some of the largest changes in expression occurring among key transcriptional regulators, such as retinoic acid receptor alpha (Rara, 2.2-fold) and Mef2a, Mef2b, and Mef2c (Fig. 5A ). While ROR␥t (Rorc) contributes to positive selection (46) , Rorb was induced nearly 3-fold, with the expression of Rorc was unchanged. Similar to our prior analysis (Fig. 3) , CD25 (Il2ra) was overexpressed in both DP1 and DP2 in Hdac3 Ϫ/Ϫ thymocytes ( Fig. 5B and C) . The Hdac3 Ϫ/Ϫ DP2 thymocytes also expressed 3.7-fold more Rorb, and while the level of expression of Rorc was higher, it was more in line with this gene not being slightly downregulated during the DP1-to-DP2 transition (1.8-fold). It is also notable that transcription factors and corepressors that recruit Hdac3 and that autoregulate their own expression, including two genes associated with hematopoietic malignancies, Bcl6 (2.4-fold) and Mtg16 (Cbfa2t3, 3.0-fold) (48, 49) , were upregulated in the Hdac3 Ϫ/Ϫ DP2 thymocytes. Finally, we noted that multiple histone deacetylases were deregulated, perhaps in an attempt to compensate for the loss of Hdac3, including Hdac1 (1.6-fold), Hdac4 (1.8-fold), Hdac5 (1.8-fold), Hdac7 (2.1-fold), and Hdac11 (4.1-fold) (Fig. 5D) .
Partial rescue by transgenic mouse expression of Bcl2 or BclxL. When the gene expression of Hdac3 Ϫ/Ϫ DP2 thymocytes was compared to that of control cells, we noted that while the level of expression of Bcl-xL (2.1-fold) was slightly higher in the null cells, that of Bcl2 was reduced even more (Ϫ3.4-fold). This is striking, because during the DP1-to-DP2 transition in wild-type cells, Bcl2 (6.4-fold) was induced, while the levels of expression of Bak (Ϫ1.9-fold), Bad (Ϫ3.5-fold), and Bid (Ϫ3.1-fold), which trigger apoptosis, were reduced to promote survival. Given that positive selection rescues thymocytes from apoptosis or allows death due to neglect, we crossed our Lck-Hdac3 flox/flox mice to Lck-Bcl-xL (50) and Lck-Bcl2 (51) transgenic mice. Bcl-xL is a critical mediator of cell survival, as it allows the TCR␣ locus to undergo multiple rearrangements to produce a functional TCR that can successfully interact with the major histocompatibility complex (MHC) and pass positive selection (36, 50) . Analysis of our Lck-Hdac3 Ϫ/Ϫ / Bcl-xL transgenic mice yielded a significant recovery (57%) for CD8 ϩ cell selection, but Bcl-xL expression had less of an effect on CD4 ϩ cells compared to its effect on CD4 ϩ cells in control mice expressing Bcl-xL (Fig. 6) . A consistent feature of the Lck-Hdac3 Ϫ/Ϫ / Bcl-xL mice was the broadening of the Lck-Hdac3 Ϫ/Ϫ /Bcl-xL DP cell quadrant, suggesting that more of these cells became CD4 hi / CD8 int , which is an intermediate in the progression from DP to CD4 or CD8 single-positive cells. Likewise, there were more CD8 hi /CD4 int cells, which could imply the increased survival of ISP cells (34) (Fig. 2B) . The Lck-Hdac3 Ϫ/Ϫ /Bcl2 transgenic mice showed modest improvements in the numbers of CD4 ϩ thymocytes (Fig. 6 ), but it was not to the degree observed in control mice expressing Bcl2. Thus, transgenic mouse expression of Bcl-xL and Bcl2 indicated that apoptosis due to neglect only modestly contributed to the impaired maturation of thymocytes in the absence of Hdac3.
Complementation with a functional rearranged TCR. While the DP1 and DP2 Hdac3 Ϫ/Ϫ thymocytes expressed CD5 and CD69 (Fig. 4) , as well as other genes that are hallmarks of TCR signaling, such as Hras, CD69 expression lagged that of TCR␤ (Fig. 4B, bottom right, arrow) . In addition, many signaling-related genes that were induced by the loss of Hdac3 are negative regulators of signal transduction (e.g., Dusp5, Dusp7) (Fig. 3 and 5C and D) . Other key regulatory nodes that suppress signaling pathways were also overexpressed in Hdac3 Ϫ/Ϫ DP1 or DP2 thymocytes, including adenomatous polyposis coli (Apc, 2.1-fold) and GSK3␤ (1.6-fold), which suppress Wnt signaling upstream of Myc (Ϫ2.7-fold) (52), which is a key regulator of metabolism and ribosomal genes (53) . In addition, the neurofibromatosis 1 (Nf1, 2.0-fold) tumor suppressor, which opposes Ras signaling and phosphatase, and the tensin homolog (Pten, 1.8-fold), which regulates Akt signaling, were overexpressed. Overall, the gene expression analysis sug- gested that the Hdac3 Ϫ/Ϫ thymocytes did not convert the TCR signals into robust activation of many of the genes typically activated during positive selection (e.g., Nur77, Ϫ2.0-fold; Nor1, Ϫ4.5-fold [47] ; Myc, Ϫ2.7-fold), and many genes that should have been silenced were not (Fig. 5A ). Therefore, we tested whether the combined effect of these changes in gene expression that suppressed metabolism and the cell cycle in the Hdac3 Ϫ/Ϫ thymocytes ( Fig. 5) (Fig. 7A) . While there was a more robust rescue of CD8 single-positive cells, this analysis was skewed by the presence of immature single-positive cells (Fig. 7A) .
Given the encouraging yet incomplete rescue of CD4 selection with overexpression of a functional TCR␤ receptor, we crossed our Lck-Hdac3 mice to mice expressing a fully recombined TCR␣␤ receptor that would select through MHC class II (OT-II) to drive the production of CD4 ϩ cells (55) . Mice with OT-II/ Hdac3 ϩ/ϩ -expressing thymocytes showed the expected increased selection for CD4 ϩ cells, and mice with OT-II/Hdac3 Ϫ/Ϫ -expressing thymocytes showed a recovery of CD4 ϩ cells to control levels (Fig. 7A) . However, while the OT-II transgene nearly eliminated CD8 single-positive cells in the control mice, it did not resolve the accumulation of immature CD8 single-positive cells in the LckHdac3 Ϫ/Ϫ mice. Nevertheless, it did drive high levels of CD5 expression in the double-positive cells (Fig. 7B ), indicating a more robust level of complementation during positive selection.
DISCUSSION
The class 1 histone deacetylases (HDAC1, -2, and -3) are therapeutic targets in cutaneous T cell lymphoma (CTCL). Hdac3 is a key target for the FDA-approved drugs, and deletion of Hdac3 in hematopoietic stem cells causes a dramatic loss of lymphopoiesis due to the loss of the first multipotent lymphoid progenitor cell (23) . Therefore, we used Lck-Cre-mediated deletion to define the requirements for Hdac3 after cells commit to the T cell lineage in the double-negative stages. Hdac3 was required for T cell development from double-negative stage 4 into the early CD4/CD8 double-positive stages, with few single positive cells making it through positive selection ( Fig. 1, 2, and 4) . Similar results were obtained using a CD2-Cre transgene (R. Philips and V. M. Shapiro, unpublished data), further supporting a role for Hdac3 during positive selection.
In vitro, in both fibroblasts and hematopoietic stem cells, Hdac3 was required for efficient proliferation due to defects in DNA replication, which triggered apoptosis (21, 23, 56) . Consistent with these findings, histone acetylation marks that are found during the deposition of histones onto newly synthesized DNA were upregulated in Hdac3-null DP thymocytes (Fig. 1) . While inhibition of apoptosis by expression of Bcl-xL or Bcl2 did impact the Hdac3 Ϫ/Ϫ phenotype to some degree, it did not completely complement the Hdac3 Ϫ/Ϫ defect and allow selection (Fig. 5 ). Gene expression analysis showed that nearly 2-fold more genes were downregulated as were induced by the inactivation of Hdac3, but this may be due to compensation for the induction of key tumor suppressor genes (e.g., Nf1, Apc, Rb1) that impair cell cycle progression. In addition, during the DP1-to-DP2 transition there is a general loss of metabolic robustness that is also associated with a dramatic downregulation of gene expression (1,812 genes were downregulated, whereas 609 were upregulated) (Fig. 5B) . Therefore, the disparity between the number of genes induced versus the number of genes suppressed by the inactivation of Hdac3 may be due to the stage of thymocyte differentiation being assessed. Nevertheless, the OT-II transgene, which may provide a stronger proliferative signal and support metabolic robustness, yielded a more efficient complementation of Hdac3 deletion.
Changes in gene expression pinpointed defects in the expression of key regulatory genes, including many cell cycle control genes (e.g., E2F family members) ( Fig. 3 and 5) . Indeed, the majority of genes deregulated were expressed at significantly lower levels in the absence of Hdac3. Given that Hdac3 has primarily been linked to repression, the loss of expression of the majority of genes deregulated might be due to the impairment of thymocyte maturation at a stage where cells are less metabolically active. In fact, low levels of Myc expression were found in the double-positive small cell stage of T cell development, where the cells are less active metabolically (35) , and we observed a dramatic downregulation of metabolic genes in wild-type cells moving from DP1 to DP2 (Fig. 5A and B) . In many ways, the Hdac3 Ϫ/Ϫ DP1 cells had a gene expression signature more akin to that of DP2 cells, yet even within the DP2 subsets, the Hdac3 Ϫ/Ϫ cells showed a greater loss of expression of cell cycle control genes (e.g., further loss of cyclin D2, cyclin A2, cyclin E2, and CDK1) (Fig. 5B and C) . This could be due to the firing of cell cycle checkpoints associated with defects in histone deacetylation during the S phase, which is consistent with increased amounts of H4K5ac, H4K12ac, and H4K16ac (Fig. 1C) .
Genetically, we were able to complement the Hdac3 Ϫ/Ϫ phenotype to some extent by expressing a TCR␤ transgene and to a greater degree by expressing the OT-II transgene, which contains a rearranged TCR␣␤. In this context, roughly 9% of the null DP cells progressed to the CD4 ϩ stage, which is similar to the findings for wild-type mice but less than the proportion for control mice expressing OT-II (Fig. 7) . These results suggest the loss of transcriptional control in response to TCR signaling (Fig. 5A) . Mechanistically, the apparently impaired TCR signaling could be due to upregulation of the dual-specificity phosphatase Dusp5, which dampens ERK signaling and which was linked to decreased signaling in muscle treated with Hdac inhibitors (39) . However, while the mRNA was upregulated as much as 3.5-fold, the increase in the steady-state level of the Dusp5 protein was modest. Therefore, this may be a broader defect in cell metabolism and gene regulation which can be bypassed by strong TCR signaling. A key component in this process is likely Myc (whose expression was downregulated 2.7-fold in Hdac3 Ϫ/Ϫ DP1 cells), which is a critical target of TCR signaling, and the fine-tuning of Myc levels is critical for T cell functions (57). In addition, the level of expression of GSK3␤ was also higher in Hdac3 Ϫ/Ϫ DP1 cells, and it phosphorylates Myc to control its stability in T cells (57) . The combination of these effects was suppression of metabolic pathways activated by Myc (e.g., ribosomes; Fig. 5C ), which was the most significantly associated change in gene expression and may ultimately underlie the observed defect in positive selection.
a Vanderbilt digestive disease research grant (NIDDK P30DK58404) and a Vanderbilt-Ingram Cancer Center support grant (NCI P30CA68485). A.R.S. was supported by a fellowship from the NIH (5F32HL090259), K.R.S. was supported by grant 5 T32 CA009582-26 from the NCI and a postdoctoral fellowship (PF-13-303-01-DMC) from the American Cancer Society, and L.E.G. was supported by training grant HL069765. The project described was also supported by the National Center for Research Resources (grant UL1 RR024975-01) and is now supported by the National Center for Advancing Translational Sciences (grant 2 UL1 TR000445-06).
The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.
We declare that no conflict of interest exists.
